The reduction of ground inductance is crucial to the gain of RF and microwave circuits. To provide a low-inductance interconnect, we have developed a through-wafer via technology in silicon that incorporates a silicon nitride barrier liner and is filled with electroplated Cu.
Introduction
Substrate vias are widely used in GaAs microwave and millimeter-wave ICs to provide low-impedance ground connections [l, 21 . In many RF applications, silicon is starting to replace GaAs due to its lower costs and its logic integration capabilities. As silicon RFICs strive for highperformance, high-frequency operation, it becomes increasingly important to reduce all extrinsic parasitics. Of particular concern are the source impedance of MOSFETs and the emitter impedance of BJTs, which greatly affect the gain of RF amplifiers [3, 41. To address this, we have developed a through-wafer via technology for silicon, which allows the implementation of high-aspect ratio, lowimpedance ground connections. Since these vias incorporate an insulating liner, this through-wafer via technology could also be used to distribute power and ground in logic circuits and MEMS. This technology uses the same anisotropic plasma etch as previous Si via technologies, which have reached aspect ratios of 2.5 [5] and 17 [6], but their vias have only a thin coating of metal inside the via instead of being filled.
Our via technology can also be exploited to reduce crosstalk in RF circuits and improve subsystem isolation in RF System-on-a-Chip applications. High crosstalk immunity is critical to enable one-chip systems integrating noisy logic with sensitive low-noise amplifier and analog circuitry.
Previous work has used buried oxide or doped silicon to isolate circuits [7-111. In this paper we demonstrate a novel method of isolation that exploits our substrate-via technology. Our approach consists of surrounding noisy or sensitive circuits with a grounded Faraday cage of Cu vias.
Substrate-Via Technology
The substrate-via fabrication process was developed at the Microsystems Technology Laboratories at MIT. An illustration of our via concept is depicted in Fig. 1 . Substrate thicknesses ranged from 100 to 170 pm. The process has three main steps: (1) via etch from the front of the wafer using an anisotropic deep reactive-ion etcher (DRIE) in a time-multiplexed inductively-coupled plasma, (2) deposition of conformal silicon nitride liner from the front and back of the wafer by PECVD, and (3) via filling with electroplated c u .
For cross-section imaging of the technology, trenches were fabricated. Trench aspect ratios as high as 49 have been achieved in DRIE with nearly vertical sidewalls. There is a small aspect-ratio dependence on the etch rate [12] . For aspect ratios as high as 20, the decrease in etch rate was less than 15%.
The liner was made of silicon nitride because it electrically insulates the via from the substrate and is known to prevent Cu diffusion into silicon [13-151. In our current approach, conformality of the nitride is limited to aspect ratios of 15 in trenches (Fig. 2) .
Copper was electroplated using a pulse-reverse current source. A Ta-Ti-Cu electroplating seed layer was e-beam deposited on the backside of the wafer so that the via would fill from the bottom to the top. This method produced no seams or voids in the via. However, the rate of filling has a slight inverse dependence on the opening width (Fig 3) . We have succeeding in filling trenches with an aspect ratio of 49
and vias with an aspect ratio of 14.
An SEM cross-section of a finished via is shown in Fig.   4 . Fig. 5 depicts detailed cross-sections of a trench and via to show the conformal silicon nitride liner between the Si substrate and the Cu via. 
Via Impedance Measurements and Discussion
The microwave test structure for measuring the impedance of a single via is depicted in Fig. 6 . This is a oneport test structure with a 50-R coplanar ground-signal-ground configuration. The via under test is on the signal line. The ground lines are shorted to the Cu ground plane through a large number of vias. Characterized vias ranged from 8 pm to 25 pm in nominal opening width. Wafer thickness is 170 pm. S11 was measured from 10 MHz to 6 GHz using a network analyzer and converted to Zll. The series resistance and inductance of the test structure pads was not de-embedded, so the actual impedance of a via is lower than that measured.
For all vias, the real part of Zll is largely independent of frequency, while the imaginary part is positive and increases linearly with frequency (Fig. 7) . These results suggest a simple via model that consists of a resistor and an inductor in series. For vias with low-resistance, less than 1 0, the skin effect causes a noticeable dependence of via resistance and to a smaller extent of inductance on frequency (Fig. 8 ). 
Aspect ratio

Faraday Cage Characterization and Discussion
The high aspect ratio of our vias allows them to be packed in high density. We have exploited this to demonstrate a novel Faraday cage isolation scheme to suppress crosstalk in ICs. It consists of a simple ring of grounded vias that circle a noisy or sensitive subsystem in a chip. To test this concept, we have designed a two-port test structure with a Faraday cage surrounding a transmitter pad in a coplanar 50-0 ground-signal-ground configuration. Isolation was measured by a receiver pad at varying distances (Fig. 10 ). An identical reference structure was fabricated without the Faraday cage. As the isolation figure of merit, the magnitude of Szi was measured up to 6 GHz. In the first implementation, the vias are IO-pm wide and are spaced 10 to 70 pm apart.
Compared to the reference structure, at a transmission distance of 100 pm, the Faraday cage with via separation of 10 pm improves isolation by 21 dB at 1 GHz and 15 dB at 6 GHz (Fig. 11) . Over the entire frequency range, the signal measured with the probes in the air is similar to the cagedstructure signal, indicating that the Faraday cage suppresses crosstalk down to the noise floor of our experimental technique. The crosstalk suppression improves as the distance from the transmission pad increases (Fig. 12) . At 800 pm, cross-talk suppression reaches 25 dB at 1 GHz. In the range of via spacings that we have examined (10-70 pm), the via density of the cage does not affect the isolation effectiveness substantially (Fig. 13) . These two results are consistent with an isolation effectiveness for the Faraday cage that exceeds the resolution of our experiments.
20.1.3
IEDM 00-479 Fig. 10 . Top view of the Faraday cage test structure at a transmitter-receiver separation or transmission distance of 100 pm. Each via of the cage is 10-pm wide and separated by 10 pm. There is no apparent dependence .on via separation for isolation effectiveness. This suggests that crosstalk suppression exceeds the air noise floor.
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Via separation=lO pm -100 " ' " ' ' " ' ' " '~' " " " ' ' ' ' GHz. Measurement of the signal taken with the probes in air is similar to the caged-structure signal, indicating the Faraday cage suppresses substrate crosstalk down to the resolution limit of our experimental technique.
of isolation improvement at 6 GHz and over 20 dB of improvement at 1 -40 I 1 Fig. 12 . Magnitude of S~I at I GHz vs. the transmission distance for a reference and caged structure. The effectiveness of the Faraday cage appears to increase with increasing transmission distance. Measurements with the probes in the air suggest that the Faraday cage effectiveness is higher than can be resolved.
We have successfully developed a high-aspect ratio, insulated substrate-via technology for low-inductance power and ground distribution in ICs. Obtained inductance values approach theoretical expectations. W e have also used this technology to demonstrate Faraday cages as a novel isolation scheme for SOC applications. The Faraday cage improves isolation by over 20 dB at 1 GHz at a distance of 100 ym.
